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Abstract 
 
A novel microfluidic concentration gradient generator is designed where secondary flow, induced via a 
surface groove, is used to yield a concentration gradient across the output of the microfluidic device. The 
concentration gradient generator design consists of a single microfluidic channel with two inputs and a single 
obliquely angled surface groove within the base of the channel to induce the secondary flow and create the 
concentration gradient.   The design allows a concentration gradient to be chosen, either linear or 
exponential, at the exit of the microfluidic channel with the shape and dimensions of the surface groove 
within the channel obtained by numerical optimisation.  The designed device has a small footprint, suitable 
for integration within lab-on-a-chip structures for the delivery of a series of an agent to either (i) a single 
channel and with a concentration gradient or to (ii) a series of reactors with concentrations across a defined 
range, for bioscience or pharmaceutical screening applications or for chemical reactions. 
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1. Introduction 
 
Microfluidic devices for generating stable concentration gradients are attracting significant interest for 
bioscience applications.  The most well known application of concentration gradient generator devices 
is for chemotaxis studies (the directed migration of cells along concentration gradients of signalling 
molecules).  Examples include the study of wound healing [1, 2] and the study of the immune response 
following inflammatory infection [3].  Some of the early studies in these areas were done using macro-
scale system, i.e. the Boyden and Zigmund chambers [4, 5].   Concentration gradient generators, on the 
micron scale have improved spatial and temporal control of the soluble microenvironment along with 
the potential for automation and integration.  This has meant that studies, such as tissue patterning for 
stem cell research [6], have become possible.   A major drawback of all microfluidic concentration 
gradient generator systems, reported so far, is that the concentration gradients produced are limited in 
range and/or size and thus not suitable for all applications.   Stable concentration gradients in chambers 
of tens to thousands of micrometres in size, with concentration gradients over several orders of 
magnitude and which are stable for days are required for bioscience applications [7, 8].   A further 
drawback is the relative complexity of the structures created so far, meaning that a large device footprint 
is required for relatively small gradient concentration chambers.   
 The most promising microfluidic concentration gradient generators for bioscience applications, 
notably using cellular systems, are those that employ flowing solutions. The reason for this is that 
agents within the concentration gradient can be absorbed and other agents excreted by the living system, 
resulting is local depletion of agents and the release of excreted products that could have an impact on 
the living systems.  The most well known of the microfluidic concentration gradient generator devices 
consists of a symmetric microchannel network modified in terms of the connection to the inlet source to 
produce outlet concentrations that follow a geometric progression and hence deliver a gradient 
concentration of agents which flow through a final series of output channels , termed here as the ‘split 
and recombine’ device [9]. These types of devices have been exploited and refined by input of the 
channels into a single channel of up to a few millimetres wide to provide various concentration 
gradients (linear, exponential, parabolic, periodic) [10-12].  Although other microfluidic concentration 
gradient generators have been reported, these devices also have relatively large fabrication footprints 
and yield 'static' concentration gradients in a channel between two reservoirs  [7, 13, 14]. 
Although the generation of devices for mixing and generation of concentration gradients for 
chemical applications is limited (as compared to bioscience applications) such structures are begining to 
find application for combinatorial chemistry studies [15].  The controlled delivery of fluids within 
microfluidic channels is an emerging area of interest for both the biology and chemical sciences; the 
mixing of two or more fluids and transport along channels is evaluated [16-19].  Such systems are 
finding application for the efficient delivery and mixing of reagents for chemical reactions at the 
microlitre scale [19].  Here we report a novel approach to design a rather simple microfluidic device 
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suitable for the generation of linear as well as exponential concentration gradients of 2 -4 orders of 
magnitude with a small fabrication footprint; the application of shaped channels for the ‘controlled’ 
transport of agents within microfluidic devices is applied [20].  It is envisaged that these devices will 
find broad application for microscale applications in chemistry and biology.   
The microfluidic concentration gradient generator described in this paper, includes a surface groove 
for induced secondary (or transverse) flow [21] to transport agent from the source stream to the sink 
stream in a controlled manner (Figure 1). Like previous microfluidic concentration gradient generators, 
i.e. the ‘split and recombine’ device [9], the device is designed to have a series of output channels where 
agents are mixed (i.e. via transverse molecular diffusion) before introduction into a concentration 
gradient chamber.  Although surface groove induced secondary flow has not previously been exploited 
to yield a concentration gradient generator, such structures have found application for microfluidic 
mixing [21, 22], hydrodynamic focusing [23] and for improving the efficiency of the delivery of 
analytes to sensors within integrated microfluidic devices [24].   Surface grooves are useful for the 
induction of secondary flow because the flow resistance is inversely proportional to the cube of the 
channel height.   If the surface grooves are obliquely angled into the channel, then the main axial flow 
and the transverse secondary flow together yield a helical flow profile along the channel.  Such devices 
perform effectively where the Reynolds number Re < 100.  A number of previous theoretical studies 
have shown that parameters such as the groove angle, length and depth have an effect on the secondary 
flow profile [25].  The strategy taken here is different, the geometry and dimensions of the surface 
groove in the channel is designed, in order to define the relative fraction of the agent molecules that is 
transported from the source stream across the width of the channel and thus provide the required 
concentration gradient.  
 
2. Modelling and numerical methods 
2.1 The concentration gradient generator design 
The concentration gradient generator design is shown in figure 1.  The groove in the base of the 
channel is designed to transport the agent from right to left across the microfluidic channel by induced 
secondary flow, and is thus angled also from the right side of the channel.   The output is the mean 
concentration within each of the outlet channels creating a concentration gradient , as shown in figure 1a.  
These solutions, after mixing, could be fed into a continuous microfluidic chamber providing  a 
concentration gradient, but this is not considered here.  The strategy taken is to define a concentration 
gradient ((i) linear or (ii) exponential) across the outlet channels and achieve this by manipulating the 
size and shape of the surface groove with the aim of matching the output concentration profile of the 
output channels with the desired concentration profile using numerical optimisation.  Figure 1b is a 
schematic representation of the flow profile in the groove gradient generator, the parabolic f low profile 
in the straight parts of the channel is seen.  The groove, where the agent is transported by induced 
secondary flow, results in a distortion of the parabolic flow profile.   
Two designs of concentration gradient generators are shown in figure 2, the first with the simple 
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groove design and the second with the complex groove design. In both cases the microfluidic channel 
consists of two adjacent inlets, an obliquely angled groove in the bottom of the channel and 10 equally 
sized outlet channels (labelled 1 to 10 from right to left). The two inlet liquids, the agent solution and 
buffer, are considered in the model as a concentration profile across the width of the channel: the 
concentration is 1 for the agent solution at the inlet and 0 for the buffer at the inlet. The agent inlet has a 
width Wi while the buffer inlet has a width W-Wi. At the interface of the agent and buffer inlet the 
concentration changes smoothly from 0 to 1 over 4µm through a smooth Heaviside step function. The 
flow velocity in the channel inlet is assumed to be fully developed, i.e. parabolic flow profile across the 
width and height of the channel.  These concentration and flow conditions at the channel inlet can be 
achieved by a Y-mixer [26]. Figures S3 and S4 in the supplementary information show such a Y-mixer 
incorporated with the designed channels and figures S5 and S6 show the resulting concentration 
gradient. Since there is a limited effect on the concentration gradient, but a significant increase in 
simulation time, the simplified inlet conditions given above are employed in subsequent simulations.    
The ratio of the widths of the two inlets is one of the parameters that is variable in the design.  The 
‘surface groove induced’ secondary flow is used to transport the agent across the width of the channel. 
In the first instance the simple groove design (Figure 2a) is evaluated: the surface groove in the base of 
the channel is defined by four parameters: groove depth Hg, groove length near side Ln, groove length 
far side Lf and groove offset La, which is the parameter that defines the angle of the groove within the 
microfluidic channel. 
The second device shown in Figure 2b, is a refinement of the device shown in figure 2a, the simple 
groove design, where the groove in the base of the channel is an irregular pentagonal shape with two 
parallel sides at the channel side walls; the geometry is defined by two further parameters,  L m and Wm; 
these are illustrated schematically in Figure 2b and the groove is termed the complex groove design.  
 
2.2 Governing equations 
The behaviour of the fluid and agents within the microfluidic grooved gradient generator can be 
described by two partial differential equations: (i) the Navier-Stokes equations and the (ii) convection-
diffusion equation. 
(i) The Navier-Stokes equations describe the fluid velocity in microfluidic channels [27]. These 
equations can be derived from the principles of conservation of mass and momentum. For an 
incompressible Newtonian liquid with constant density   and constant kinematic viscosity   the Navier-
Stokes equations are given by 
  
  
 (u⋅∇)   
 
 
∇            (i) 
∇⋅            (ii) 
Where   (     ) is the fluid flow velocity in the x, y and z direction and   is the pressure. These 
equations are used to describe the flow behaviour in the concentration gradient generator devices shown 
in figure 2. At the channel entrance and exit the pressure is set to a constant value, i.e.    and   , 
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respectively, and the viscous stress is zero; this leads to pressure driven flow. At the channel walls the 
no-slip condition is applied. 
 For the cases considered here, aqueous solutions of relatively low concentration of the agents are 
used, the Navier-Stokes equations are independent of the agent concentration, i.e. the fluid flow velocity 
is independent of the local agent concentration in the grooved gradient generator.  
 The flow regime of the microfluidic channel is characterised by the Reynolds number 
   
  
 
        (iii) 
where   is the average flow velocity and   the channel height. In the cases considered here the 
Reynolds number is below 1 and thus the grooved gradient generator is operated in the laminar flow 
regime: the flow is turbulence free.  
 
(ii) The convective and diffusive transport of the agent molecules in the microfluidic channel can be 
described by the convection-diffusion equation 
  
  
 (u⋅∇)             (iv) 
where   is the agent concentration,   is the flow velocity calculated by the Navier-Stokes equations (i) 
and (ii) and   is the diffusion coefficient. 
 To gain insight into the relelative magnitude of convection and diffusion the convection-diffusion 
equation (iv) is nondimensionalised with the following variables:  
     ̅      ̅     ̅      ̅   
  
 
 ̅   
 
 
 ̅  (v) 
Where    is the initial agent concentration and   the channel length. Here the bar indicates the 
dimensionless variables. With this nondimensionalisation the convection-diffusion equation (iv) is given 
by 
  ̅
  ̅
 ( ̅ ⋅ ∇) ̅  
  
   
∇  ̅      (vi) 
Where the convective part and the diffusive part are linked by the nondimensional Graetz number given 
by 
   
   
  
        (vii) 
The Graetz number is the ratio between the diffusion time and the convection time.  (The Graetz number 
is related to the Peclet number  Pe=Gz(
 
 
), which is the ratio between the convection distance and 
diffusion distance.)  The generated concentration profile at the channel outlet depends on the relative 
magnitude of the convective and diffusive terms which is indicated by the Graetz number [20]. Ideally 
the Graetz number is kept large so that diffusion plays only a small role compared to convection.    
 The boundary conditions for the convection-diffusion equation (vi) are given by no flux across 
channel walls, no diffusive flux across the channel exit and a concentration profile at the channel 
entrance. This concentration profile is given by 
 ̅   ̂(    ̅)       (viii) 
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where  ̂ is the Heaviside step function and    is the agent inlet stream width.  
 
2.3 Tools and Optimisation Methods  
The numerical simulations are performed in two steps: (i) the velocity profile of the fluid as it flows 
through the device is simulated first (see figure 1b and supplementary information, figure S7), and then 
(ii) the convection and diffusion of analyte molecules between the two inlet streams is considered; this 
builds upon the data established from step (i). These simulations are performed with the commercial 
finite element method package COMSOL Multiphysics 3.4 (COMSOL AB, Stockholm, Sweden) . The 
Reynolds number is well below 1 meaning that the devices operate in a stable, laminar flow regime.  For 
the simulations here, the Graetz number is fixed at       which corresponds to a flow velocity of 
about            for agents with a diffusion coefficient of                , typical for small to 
medium sized proteins in aqueous solutions.[28]  
A mesh convergence study was performed to establish the optimal mesh size to provide solutions 
with good accuracy. A detailed description of this study is contained in the ‘Meshing and model 
validation’ section of the supplementary information.  Shown in figure 3 is a plot of the mesh size 
plotted against the mean error, maximum error and standard deviation for the values obtained versus 
those for the finest mesh (2.5*10
5
 elements); this data was obtained for the linear concentration gradient 
with the complex groove design.   From this data, a mesh with 4*10
4
 elements was found to be 
appropriate for simulation of the channels suitable for both the linear and exponential concentration 
gradient generation. To further validate the theoretical approach used, a previously reported microfluidic 
device which had been evaluated both experimentally and theoretically [29] (with a related geometry to 
those designed here) was assessed using our simulation approach; the results obtained showed very good 
agreement with the data reported [29] (see supplementary information).  
The numerical optimisations over the parameters defining the groove are performed separately for 
two target concentration gradients: (i) a linear concentration gradient from the input concentration to 
zero and (ii) an exponential concentration gradient, i.e. the concentration decreases exponentially across 
the width of the microfluidic channel with a range of three orders of magnitude. The numerical 
optimisations are performed with the aim of fitting the concentration profile at the channel exit with one 
of the two target concentration profiles, i.e. linear or exponential. The quality of the fit for the linear 
concentration profile, is defined as the square error between the target concentration profile and the 
simulated concentration profile,  
   ∑ (
   
   
   )
 
 
         (ix) 
where , El,  is the square error of the linear concentration profile, n is the number of outlet channels and 
   is the average simulated outlet concentration in outlet i.     is calculated by the velocity-weighted area 
integral of the agent concentration at the exit of the outlet and normalised with the area  integral of the 
velocity over the exit of the outlet channel. 
The square error for the exponential concentration gradient    is given by the relative error, where the 
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error is scaled with the target concentration profile:  
   ∑ (  
  
    
)
 
 
          (x) 
where,   is the coefficient for the exponential decay.  This scaling of the square error for the 
exponential concentration gradient results in every outlet channel having the same weight for the error 
function regardless of the magnitude of the target concentration. This is important for the exponential 
concentration gradient where the concentration in the outlet channels varies by 3 orders of magnitude.  
 The numerical optimisation over the parameters defining the groove shape is performed by a two 
stage process. In the first stage, a random search over the complete parameter range is used to identify 
the most promising parameter sets, i.e. parameter sets where the error given by equation (ix) for the 
linear concentration gradient or by equation (x) for the exponential concentration gradient is below a 
certain threshold [30]. The random search compared favorably against the more sophisticated simulated 
annealing routine [31] inbuilt in Matlab. In the second stage the Nelder-Mead algorithm [32] is used to 
find the local optimum starting from the three most promising parameter sets identified by the random 
search. The Nelder-Mead algorithm is a direct, local optimisation routine which is very robust and 
effective. The combination of the global random search with the local Nelder-Mead algorithm results in 
a robust optimisation routine.   
 
3. Results 
3.1 Concentration gradient generator with a simple groove design 
Although it has been demonstrated that a single groove in the base of the channel is sufficient to 
transport agents from one side of the channel to the other [25], the optimal geometry of the device to 
achieve a defined concentration gradient at a series of outputs (as shown schematically in figure 1a) had 
not been established.  To illustrate our approach, simulations are performed on a model device where 
the microfluidic channel has a channel height of H=75µm, a channel width of W=300µm and a channel 
length of L=700µm. The height chosen is typical for microfluidic gradient generators  [9] and the width 
is chosen to achieve a sufficiently strong transverse flow [33]. The initial groove geometry parameters 
are chosen so that the transverse flow is maximal for this channel height and width. The strongest 
transverse flow, according to the work of Lynn and Dandy [33], is given for a groove length of 
Ln=Lf=150µm and a groove depth of Hg=90µm. The initial groove offset is chosen to be La=300µm, 
which is equivalent to an angle of 45
°
 between the upstream groove edge and the channel side wall, and 
the groove position is 100µm from the inlet. This ensures that the parabolic flow profile is fully 
developed before it reaches the groove (see figure 1b). This choice of groove requires a channel length 
of at least 550µm. Thus the chosen channel length of L=700µm allows for an increase in the groove 
angle and groove length. The length of the outlet channels is Lo=100µm and the exit width is 26µm.   
The behaviour of the fluid and agents within the microfluidic grooved gradient generator are established 
by numerical simulation, based upon two partial differential equations: (i) the Navier-Stokes equations 
and the (ii) convection-diffusion equation, as described in Section 2.2, within the COMSOL 
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environment described in Section 2.3.  The mean concentration of agent from each of the 10 outlet 
channels is established. 
From this starting point, an optimisation routine is followed to provide a linear concentration gradient  
from the outlet channels.  Table 1 shows the upper and lower limits for the variable parameters used in 
the random search, notably the groove parameters (Hg, Lf, La and Ln) and the agent inlet width (W i) (see 
figure 2a).   First, optimisation using the random search method was performed over 1000 iterations. 
This corresponds to 200 iterations for each of the five parameters (Hg, Lf, La, Ln and Wi) for the simple 
groove design.  In each of the 1000 iterations the five parameters are generated by a random number 
generator. The random numbers are uniformly distributed in the range given in table 1. This range of 
parameters (table 1) encompasses the groove with the maximal transverse flow and provides room for 
variation from this case. Three of the parameter sets, with the lowest error, obtained from the random 
search were used as the starting points for a Nelder-Mead optimisation with 400 iterations. Following 
this, the three resulting parameter sets of the Nelder-Mead optimisation are compared and the parameter 
set with the lowest error is used as a starting parameter set for further optimisation with 500 iterations 
using the Nelder-Mead optimisation approach.   The parameters providing the best linear concentration 
gradient from the device with a simple groove design are shown in table 2.  Figure 4a provides the mean 
concentration at each output channel and figure 5b shows the agent concentration profile in the y-z 
plane inside the 10 outlet channels for the linear concentration generator with the groove parame ters 
given in table 2. The simulated concentration gradient is defined by the velocity-averaged outlet 
concentrations   .  A similar optimisation method as described above to create a linear concentration 
gradient was applied for the exponential concentration gradient.  The optimisation results using a coarse 
mesh (        mesh elements) provide very good initial values so that an additional Nelder-Mead 
optimisation with a fine mesh 4     mesh elements) converges in less than 150 iterations.  The 
additional Nelder-Mead optimisation was performed with a finer mesh because the accuracy of the 
simulations with the coarse mesh (        mesh elements) (see Meshing and Model validation section 
in the supplementary information) is not sufficient to resolve the small concentrations at the perifery of 
the gradient, i.e. the low concentrations in the outlets 9 and 10.  Figure 4b provides the mean 
concentration at each output channel and figure 5d shows the agent concentration profile in the y-z 
plane inside the 10 outlet channels for the exponential concentration generator with the simple groove 
parameters given in table 2.  Acceptable design parameters could not be found to achieve either a linear 
concentration gradient or an exponential concentration gradient (table 2) using the simple groove design 
(figure 2a, so for this reason, refinement of the device design was crucial; this is described in section 3.2 
below. 
In order to assess the impact of the simple groove geometry, a simple groove with the dimensions as 
previously reported by Lynn and Dandy [33] (for mixing) were incorporated into the channel and were 
iteratively changed, one by one, by substitution with values of those established for the best optimised 
linear concentration gradient. (see supplementary information 'Influence of groove geometry on the 
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concentration gradient').  This study revealed that large changes in the dimension of the simple groove 
have a limited effect on the concentration gradient at the output channels. 
 
3.2 Microfluidic concentration generator with a complex groove design 
A more complex groove in the base of the microfluidic channel is now considered (Figure 2b). The 
groove is pentagonal in shape, whereby the groove edge, first encountered by the solution front, disects 
straight across the channel base.  This non-equilateral pentagon is illustrated in Figure 2b, where the two 
new parameters, Lm and the width of the intersection Wm, are variable and evaluated by optimisation. 
 The numerical optimisations are performed in a similar manner as for the simple groove shape (see 
section 3.1). In the random search optimisation routine the 7 parameters (W i, Hg, Lf, Ln, La,Wm and Lm) 
are generated by a random number generator. These parameters and the resulting error between the 
target concentration profile and the simulated concentration profile are saved in a data file. The random 
search routine is performed for 200 iterations for each parameter, e.g. for the complex groove with 7 
parameters 1400 random parameter configurations are generated. This large number of iterations is 
necessary to identify promising parameter sets for the subsequent local optimisation routine.  After the 
random search the three groove parameter sets with the lowest error are used as starting points for the 
local Nelder-Mead optimisation. The number of iterations of the Nelder-Mead optimisation was fixed to 
400 for the first local optimisation and to 500 for the second local optimisation. For these values, whic h 
were choosen after preliminary optimisations, the Nelder-Mead optimisation routine has reached a local 
minimum, i.e. the value of the square error has reached a local minimum. The resulting groove 
geometries were used in a simulation with a much finer mesh, i.e. 1.5*10
5
 elements, and both the mean 
error and the standard deviation of the outlet concentrations between the finer mesh and the mesh used 
in the optimisation are on the order of 4*10
-4
. 
The results for the linear and exponential cases are shown in figure 4a and b respectively.  The 
simulated concentration gradients agree well in both cases (for the microfluidic channel type shown in 
figure 2b) with the target concentration gradient, as shown by the low error values in Table 2. The 
parameters for the optimised device for the complex groove design are also given in table 2 and shown 
to scale in figure 5e and 5g. 
Figure 5f and 5h also shows the agent concentration profile in the y-z plane inside the 10 outlet 
channels for the linear and exponential concentration generator with the complex groove parameters 
given in table 2. The height of the interface between the agent and the buffer, where the agent 
concentration is 0.5, provides a ‘ball park’ approximation of the concentration of the agent in each 
outlet channel and an idea of the concentration gradient across the width of the microfluidic channel. It 
can be seen that the interface between the agent and buffer decreases across the width of the 
microfluidic channel.  However, this decrease is not linear across the width of the microfluidic channel, 
which shows that the number and size of the outlet channels are crucial for the generation of the 
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concentration gradient, i.e. the outlet channels collect a certain part of the concentration profile and 
homogenise it over the height and width of the outlet channel. The data shown in figure 4 is the mean 
concentration in each outlet.  Thus it should be considered that the outlet channel contents are mixed (in 
the horizontal direction) and the resulting concentrations are those plotted in figure 4a and b.   
The impact of the complex groove dimensions were assessed to establish the effect of the pentagonal 
groove dimensions on the linear concentration gradient eluting from the 10 outlet channels.  Starting 
from a simple groove with the dimensions as previously reported by Lynn and Dandy [33] (for mixing) 
the dimensions were adjusted to gradually reach those for the optimised values for the complex groove 
design. (see supplementary information).  The last parameter to be adjusted was that for Lm (see figure 
2).  The scale of the apex of the pentagonal shape in the base of the channel has the most significant 
effect on the concentration gradient (See figure S12, Supplementary information, Influence of groove 
geometry on the concentration gradient).   Given these findings the effect of the dimensions o f Wm and 
Lm were considered further for both the linear and exponential concentration gradient generation.  These 
two parameters were adjusted by +/- 50μm for Wm and then Lm and the results revealed modest 
deviations from the target concentration gradient for the linear concentration and the exponential 
concentration gradient (see supplementary information, figures S14 and S15).  
 
3.3 Sensitivity analysis of the microfluidic concentration gradient generator for the exponential 
concentration gradient. 
A simple sensitivity analysis for application of the complex groove to generate the exponential 
concentration gradient was performed; every groove parameter is either rounded up or down to the 
nearest micrometre. All combinations where the 7 groove parameters given in table 2 are either rounded 
up or down result in       2 combinations. For each of these 128 parameter sets the concentration 
profile is calculated and compared with the concentration profile of the exact optimisation results. The 
resulting error for the exponential concentration gradient for all 128 parameter sets is between  0.304 and 
0.362 and thus close to the optimum value of 0.296 (See supplementary information, figure S8). This 
suggests that the gradient generator design is robust enough to provide a well -defined exponential 
concentration gradient from a microfluidic channel with the complex groove in the base, fabricated 
using current microfabrication methods. 
 The simulation was also performed with a range of Graetz (  ) numbers between 0.5 and 200 for the 
complex groove device (shown in figure 2b) having the same parameters as outlined in Section 2.2 (data 
for Graetz numbers between 5 and 150 is shown in the supplementary information, figure S9). The 
results obtained hardly changed for Graetz numbers between 25 and 100 as compared to the results 
shown in figure 4. However, for Graetz numbers of     , the effect of diffusion begins to become 
much more important, and the generated concentration profile becomes more uniform across the width 
of the channel. For Graetz numbers        the concentration at the far side of the channel, i.e. at the 
outlets 8, 9 and 10, decreases due to negligible diffusive transport. The results obtained demonstrate that 
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the concentration gradient generator with the complex groove shape is insensitive towards slight 
variations in the flow and diffusion parameters. 
 
4 Discussion 
The strategy developed here is to design a microfluidic channel and single surface groove to yield 
mean concentration outputs from ten channels that are either linear or exponential in concentration 
range.   The approach applied is to first define the required mean concentration at each of the exits of 
the ten output channels according to the desired concentration gradient and then use numerical 
simulations to establish the optimal groove shape in the base of the channel to achieve this.  A 
microfluidic channel with two inputs and an obliquely angled, irregular pentagonal groove in the base of 
the channel can be used to provide output solutions which, after mixing, have a gradient of 
concentration, as shown in figure 4.  The geometry of the optimised irregular pentagonal groove shapes 
are shown to scale in figure 5.  Controlled transfer of agents by secondary induced flow via the lower 
pentagonal groove is achieved; figure S7 in the supplementary information further illustrates the transfer 
via the lower pentagonal groove.  There is sufficient flexibility with respect to the parameters used to 
define the irregular pentagonal groove in the base of the channel, that a groove of uniform depth can be 
applied.  As can be seen from figure 5 and the parameters in table 2, it is a combination of the shape of 
the groove and the agent inlet width that define how much of the agent is delivered to each of the 
channels.  Other complex groove designs for other concentration gradients are theoretically possible, 
where the same numerical and optimisation approach can be applied.   
The fabrication of the concentration gradient generators of the dimensions described here from planar 
substrates using planar lithography and deep reactive ion-etching techniques, although challenging, is 
achievable.  Furthermore, because the transverse flow in the microfluidic channel depends only on the 
ratios of the channel and groove geometries, the results are applicable to scaled devices (provided the 
aspect ratios of the channel and the groove remain unchanged), with the proviso that the flow is stable 
laminar flow.  Thus larger devices could be fabricated using polymer microfabrication methods, and 
indeed for related devices effective performance where the Reynolds number Re < 100 has been 
reported. [21]  Our theoretical investigations do suggest that for Graetz values Gz, of between 25 to 100 
(see supplementary information, Figure S9) similar results are obtained and thus the device is relatively 
insensitive to flow and diffusion parameters.  A simple sensitivity analysis, of the complex groove 
applied for generating an exponential concentration gradient, suggested that the design is insensitive 
against slight variations resulting from precision of the device fabrication as well as the device 
operation parameters such as flow rate and diffusion coefficient of the agents.   
 
5. Conclusions 
 
A new philosophy for the design of concentration gradient generators is presented; these structures 
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consist of simple channels with a groove of relatively complex geometry in the base.  The numerical 
optimisation results demonstrate linear or exponential concentration gradients can be created using 
pentagonal groove shapes, which are used to induce specified secondary flow transversely to the bulk 
flow direction.  Whilst it is well known that the secondary flow profile is dependent on the size of the 
surface groove, here, for the first time, the size and shape of the surface groove is considered with a 
view to achieve the controlled transport of agent molecules across the width of the microfluidic channel.    
 The key advantage of the concentration gradient generator is the requirement for only one mixing 
stage, and as a consequence the device is relatively small.  If compared to the 'split and recombine' 
gradient generator, which requires at least log2(n-1) mixing stages to create n different outlet channels, 
the device is much shorter and narrower and consequently requires less chip real -estate. The other 
advantage is the facility to produce both linear and exponential concentration gradients.  A further 
advantage is the scalability of the device, provided that the Reynolds number is ≤ 100.  Such structures 
are likely to be of significant application for bioscience applications, but it is also envisaged that such 
structures will be suitable for integration within lab-on-a-chip structures where combinatorial chemistry, 
pharmaceutical or biochemistry assays are performed. 
 
Nomenclature  
C   agent concentration (M) 
D  diffusion coefficient (m
2
s
-1
) 
Gz  Graetz number (    
   
  
 ) 
H  channel height (m) 
 ̂   Heaviside step function 
L  channel length (m) 
    pressure (Nm-2) 
Pe  Peclet number (Pe=Gz(
 
 
)) 
U  average flow velocity (ms
-1
) 
Re  Reynolds number (=UH/  ) 
t  time (s) 
  (     ) fluid flow velocity in the x, y and z direction 
W  main channel width (m) 
Wi   agent inlet width (m) 
x,y,z  coordinates 
 
Greek letters 
    density (kgm-3) 
    kinematic viscosity (Nsm-2) 
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Figure Legends 
 
Figure 1.  Schematic representation of the grooved concentration gradient generator.   
(a) Transport of the solubilised agent (red) and the buffer (blue) by secondary flow along the groove across 
the width of the channel.  The solubilised agent and the buffer are introduced as separate streams by 
pressure-driven flow into the grooved concentration gradient generator channel. Ten equal-width outlet 
channels are at the exit of the grooved concentration gradient generator.  The method allows for the design of 
the generator where the mean agent concentration at each outlet is considered, even if at each outlet channel 
the agent is not uniformly distributed across the height and width of each outlet channels. 
(b) Flow profile in the grooved gradient generator: shown is the velocity field which is a combination of 
the flow velocities in the x, y and z direction. The velocity increases from blue to red.   
 
Figure 2. The design of the grooved gradient generator: 3D schematic of (a) the simple groove design, (b) the 
complex groove design.  
Figure 3. Plot of mesh size versus the mean error, maximum error and standard deviation for the simulation 
results obtained versus those obtained with the finest grid (2.5x10
5
) for the linear concentration gradient with 
the complex groove design. 
 
Figure 4. (a) Plot of the target and the simulated (and optimised) mean concentration at each output 
channel; appropriate for an output with a linear concentration gradient  from (i) the microfluidic channel 
with the simple groove design, (ii) the microfluidic channel with the complex groove design. (b) Semi-
log plot of the target and the simulated and optimised mean concentration at each output channel; 
appropriate for an exponential concentration gradient from (i) the microfluidic channel with the simple 
groove design, (ii) the microfluidic channel with the complex groove design.  Parameters:         
 .   
 
Figure 5. (a) Optimal design (to scale) of the simple groove shape within the channel required to achieve 
a linear concentration gradient. (b) Plot of the agent concentration in the outlet channels of a gradient 
generator for a linear concentration gradient. The mean agent concentration decreases from outlet 
channel 1 to 10. Parameters: Gz = 50 (c) Optimal designs (to scale) of the simple groove shape within 
the channel required to achieve an exponential concentration gradient. (d) Plot of the agent 
concentration in the outlet channels of a gradient generator for an exponential concentration gradient.  
Parameters:           (e) Optimal design (to scale) of the complex irregular pentagonal groove 
shapes within the channel required to achieve a linear concentration gradient. (f) Plot of the agent 
concentration in the outlet channels of a gradient generator for a linear concentration gradient. The mean 
agent concentration decreases from outlet channel 1 to 10. Parameters: Gz = 50 (g) Optimal designs (to 
15 
 
 
scale) of the complex irregular pentagonal groove shape within the channel required to achieve an 
exponential concentration gradient. (h) Plot of the agent concentration in the  outlet channels of a 
gradient generator for an exponential concentration gradient. Parameters:           
 
 
Table Legends 
 
Table 1. Lower and upper limit of the parameters used for the random search for the simple and 
complex groove design.  (See Figure 2 for reference of parameter notation) 
 
Table 2. Results of the optimisation for the simple and complex groove shape and for the linear and 
exponential concentration gradient. The error is obtained using equations (ix) and (x), where the 
parameters          . 
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Implementation details 
The numerical simulations of the behaviour of the grooved 
gradient generator are composed of two steps: (i) first the 
steady flow profile is simulated and (ii) the convection and 10 
diffusion of agent molecules is simulated with the flow profile 
from step (i). These simulations are performed with the 
commercial finite element method package COMSOL 
Multiphysics 3.4 (COMSOL AB, Stockholm, Sweden). The 
error between the resulting concentration profile and the 15 
target concentration profile is calculated with equation (ix) or 
(x) which are given in the main text. These steps are 
implemented in a COMSOL script. 
 The random search and the Nelder-Mead optimisation 
routines, which call this COMSOL script, are performed in the 20 
Matlab environment (The Mathworks, Natick, MA, USA). All 
simulations are performed on a computer with a Dual Core 
AMD Opteron Processor 880 2.4 GHz and 8 GB of main 
memory.  
COMSOL script for the simulation of the grooved gradient 25 
generator 
The COMSOL script used by the optimisation routines is 
created in a two stage process. In the first stage the graphical 
user interface (GUI) of COMSOL is used to create the 
geometry, physics model, mesh and solver setup. This 30 
COMSOL model is then exported as a Matlab script which is 
modified by hand in the second stage. The main steps in this 
second stage are the insertion of variables defining the device 
geometry and the calculation of the square error between the 
target concentration profile and the simulated concentration 35 
profile. 
 
GUI model 
 
The COMSOL GUI provides a simple and easy to learn 40 
interface for the setup of complex multiphysics problems in a 
step by step manner. First, the 3D geometry is defined through 
a simple computer-aided design tool. For the system 
considered here, see figure 1 in the main text, the geometry is 
uniform in the y direction. Using this the outline of the device 45 
in the x-z plane is drawn (see figure 2 in the main text) and 
extruded in the y direction. 
 In the second step, the physics models for the 
incompressible Navier-Stokes equations (i) and (ii) and the 
convection-diffusion equation (iv) are defined. Both are 50 
available from the 'Model Navigator' in the basic COMSOL 
module. The simulations are performed for aqueous solutions 
at room temperature (T=25° C) so the density and dynamic 
viscosity of water are given by: ρ=997.13kgm-3, µ=0.891*10-
3kgm-1s-1. The boundary conditions are set to a constant 55 
pressure at the inlet ('Pressure, no viscous stress'), 
atmospheric pressure at the outlet ('Pressure, no viscous 
stress') and the no-slip condition at the channel walls. The 
solution of the Navier-Stokes equations is used as the velocity 
vector in the convection-diffusion equation.  60 
 The boundary conditions for the convection-diffusion 
equation of the agent molecules are set to 
'Insulation/Symmetry' at the channel walls, 'Convective flux' 
at the outlets and 'Concentration' at the channel inlet. The 
concentration profile at the channel inlet defines the width of 65 
the agent and buffer stream, i.e. the concentration in the agent 
stream is set to 1 while the concentration in the buffer stream 
is set to 0. However, this step in the inlet concentration 
boundary condition poses problems for the numerical solution 
of the convection-diffusion equation. By replacing the 70 
discontinuous step function with a smooth step function the 
numerical properties of the system are improved. The 
resulting system is more stable and the convergence properties 
are enhanced. Furthermore, in the physical system the 
discontinuous step in the input concentration is smoothed to a 75 
continuous step immediately after the two streams merge. 
Here the inbuilt function 'flc1hs' which is a smoothed 
Heaviside step function without overshoot is used. The 
distance over which the smoothing occurs is set to 4µm. This 
is a reasonable choice because for a diffusion coefficient 80 
D=5*10-11m2s-1 the agent molecules diffuse this distance in 
less than 0.2 seconds. 
 The meshing of the geometry is performed with the default 
values provided by COMSOL. Later, this default mesh is 
analysed and improved to achieve the desired accuracy in the 85 
solution. The last step, the solving of the physics model is 
performed sequentially. This is possible because the flow 
velocity for aqueous solutions is independent of the agent 
concentration. First, the Navier-Stokes equations are solved 
with the default static solver ('gmres'). Second, the 90 
convection-diffusion equation is solved for the flow velocity 
calculated in the first step. The convection-diffusion equation 
is solved with the static 'spooles' solver. The completed GUI 
model is then exported as a Matlab script. 
 95 
Modification of the Matlab script 
 
The Matlab script containing the GUI model is modified by 
hand. The numerical values defining the channel and groove 
geometry are replaced by variables for the channel dimensions 100 
(height, width, length, groove start, inlet width) and the 
groove dimensions: groove depth Hg, groove length near side 
Ln, groove length far side Lf, groove offset La groove 
midpoint Wm and groove length at the midpoint Lm. This 
simplifies the modification of the channel and groove 105 
dimensions and allows the optimisation over the groove 
parameters. The additional variables 'inlet_mesh', 
 'wall_mesh_fine' and 'wall_mesh' which define the maximal 
mesh size at the channel inlet, the channel outlets and the 
channel wall, respectively, are introduced. 
 Furthermore, the area integral of the velocity weighted 
agent concentration at the channel outlets is calculated and 5 
normalised with the size of the channel outlets. In the last 
step, the square error between the target concentration profile 
and the simulated concentration profile is calculated and 
returned to the optimisation routine. 
 10 
Meshing and model validation 
 
Meshing is very important for the accuracy and convergence 
of FEM simulations. This is especially true for 3D 
simulations. However, the problem considered here is 15 
numerically stable because the dominant concentration 
gradient is across streamlines rather than along streamlines. 
 Here two strategies for the mesh generation are used to 
ensure an accurate solution of the problem. First, the maximal 
size of the mesh elements at the boundaries of the 20 
microfluidic channel, especially at the inlet and the outlet 
channels, is restricted. This is necessary because the flow 
velocity changes considerably close to the channel walls and 
the interface between the agent and buffer is most important at 
the inlet and outlets. The second strategy uses the adaptive 25 
mesh refinement from COMSOL. Using this in the calculation 
of the convection-diffusion problem refines the mesh at the 
interface between the two input streams where the largest 
gradient in the concentration occurs.  
 A mesh convergence study which compares the simulated 30 
concentration gradient for different mesh sizes was 
performed. A preliminary mesh convergence study was 
performed with a non-optimised surface groove. This study 
suggested that 2.5*104 mesh elements which result in about 
1.3*105 degrees of freedom, i.e. the size of the system of 35 
equations, are sufficient for an accuracy of 10 -3 in the 
normalised outlet concentration c i. The optimisations for the 
linear and exponential concentration gradients were performed 
with this mesh. A further mesh convergence study was 
performed for the optimised surface grooves. Here, the mesh 40 
size was increased from about 2.5*104 elements to 2.5*105 
elements which increases the simulation time by fifty-fold. 
The mean error and standard deviation of the solutions of the 
coarse mesh simulations compared to the fine mesh simulation 
are shown in table T1. This mesh convergence study shows 45 
that for the linear concentration gradient a mesh with 2.5*104 
elements produces a result with sufficient accuracy, i.e. the 
mean error is much lower than the target agent concentrations. 
However, for the exponential concentration gradient which 
requires an accuracy to three significant figures a finer mesh 50 
is required. The results from table T1 suggest that a mesh with 
about 4*104 elements is sufficient for the exponential 
concentration gradient. Thus for the exponential concentration 
gradient a further Nelder-Mead optimisation with this finer 
mesh and the results of the first optimisation as initial values 55 
is performed. This optimisation converges in less than 150 
iterations. The results of this optimisation were compared to 
the results of a finer mesh with 1.5*105 elements. The mean 
error over the 10 outlet channels is 4.3*10 -4 with a standard 
deviation of 4.3*10-4 so that the mesh with 4*104 elements is 60 
sufficient for this exponential concentration gradient. 
Table T1 Comparison of the simulation results for the coarse meshes 
with the fine mesh for the linear concentration gradient. The mean error 
and standard deviation of the 10 outlet channels compared to the values 
for the finest grid are shown. While the shown computation time depends 65 
on the used computer, it gives an indication of the relative computation 
time for the different mesh sizes. 
Mesh size System size Mean error Standard deviation Computation time 
2*104 105 2.4*10-3 1.6*10-3 2 min 
2.5*104 1.3*105 2.6*10-3 1.7*10-3 3 min 
4*104 2*105 1.1*10-3 0.8*10-3 5 min 
6*104 3*105 1.7*10-3 1.5*10-3 10 min 
1.5*105 7*105 0.5*10-3 0.5*10-3 57 min 
 
To gain further confidence in the simulation results the same 
model setup and simulation routine was used to simulate a 70 
device already reported in the literature (see reference 29). 
The device is represented in figure S1 and the dimensions 
used are as published (reference 29).   The outlet 
concentration profile as calculated using our approach is 
shown in figure S2.  75 
The results shown in figure S2 compare very favourably with the 
experimental data presented by Howell et al. in reference 29, (See 
figure 4 in that article).  In addition the data generated by our 
simulation approach (Fig. S2) is in agreement with data also 
shown by Howell et al. (figure 4 in ref. 29), but simulated by a 80 
different method.   
 
 
 
 85 
 
 
Fig.S1 Schematic of the simulated device from ref. 29  
(Parameters used for the simulation: Channel width:3.175mm, channel 
height:1.016mm, groove depth: 0.432mm, groove length: 0.794mm, 
Reynolds number<100) (All other aspects are to scale.) 
 
 
Fig.S2 Concentration outflow profile at the channel outlet as a cross-
section.  The scale bar is concentration fraction for the right hand inlet  
solution versus the left hand inlet solution. 
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Random search and Nelder-Mead optimisation 
 
The optimisation over the size of the groove is performed in 
the Matlab environment.  The two optimisation routines, 
random search and the Nelder-Mead optimisation, define the 5 
groove geometry through the device parameters (see Figure 2) 
and call the COMSOL script. The COMSOL script calculates 
the concentration profile for the given groove parameters and 
returns the square error between the simulated and target 
concentration profile. 10 
Effects of the channel inlet 
The simulations are performed with a fully developed flow 
profile at the channel inlet and a smooth concentration step at 
the position given by the inlet width. 
This step is given by a smoothed Heaviside step function, i.e. 15 
the transition from c=0 to c=1 takes place over 4um. This 
configuration simplifies the numerical simulations considerably 
compared to a simulation taking two inlet streams into account. 
However, to achieve such inlet conditions requires a Y-mixer 
upstream of the simulated microfluidic channel.  20 
Figures S3 and S4 show the complex design of the 
gradient generator with a Y-mixer. The width of the agent 
inlet channel in the Y-mixer is given by the inlet width from 
the optimisation. The average flow rate in the agent and buffer 
arm of the Y-mixer are choosen to correspond to the average 25 
flow rate of the agent and buffer part of the simplified inlet 
conditions.  
The resulting concentration gradient is in very good 
agreement with the simulations performed with the simplified 
inlet conditions, see figures S5 and S6. The calculated errors 30 
are 0.0213 and 0.2151 for the linear and exponential 
concentration gradient, respectively. These values compare 
favourably with errors given in table 2 in the main text.  
Flow profile 
The effect of the surface groove on the streamlines is shown 35 
in figure S7. It can be seen that the streamlines in the bottom 
of the microfluidic channel follow along the surface groove.  
 
Fig. S5 Simulated linear concentration gradient for the complex 
groove geometry with and without a Y-mixer. 
 
Fig. S6 Simulated exponential concentration gradient for the 
complex groove geometry with and without a Y-mixer. 
 
Fig. S3 Schematic showing the linear gradient generator with a Y-mixer 
and the agent concentration along the channel. 
 
Fig. S4 Schematic showing the exponential gradient generator with a Y-
mixer and the agent concentration along the channel. 
 
Fig. S7 Schematic of the grooved gradient generator showing the 
streamlines from 6 starting positions. The colour of the streamlines 
indicates the y coordinate, i.e. red is close to the channel ceiling while 
blue is close to the channel floor. 
 The agent molecules are transported along the streamlines across 
the width of the microfluidic channel and thus a concentration 
gradient is generated.  
 
Sensitivity analysis 5 
Figure S8 shows the concentration profiles for the groove 
geometries which produce the smallest and largest error from 
the sensitivity analysis in section 3.3 in the main text. The 
simulated concentration profiles for Graetz numbers between 
5 and 150 are shown in figure S9. It can be seen that the 10 
concentration profile is almost constant for Gz between 25 
and 100.  
  
Influence of aspect ratio of the channel 
Simulations with microfluidic channels with different aspect 15 
ratios were investigated.  Figure S10 shows the resulting 
concentration gradient for an aspect ratio of W/H=6 
(compared to W/H=4, in the main text)  where the same 
behaviour as the channel studied in the main paper was 
observed. 20 
 
 
 
 
Influence of groove geometry on the concentration gradient 25 
Several simulations were performed to show the effect of the 
groove parameters on the concentration gradient. Starting 
from the groove geometry given by Lynn and Dandy (see 
reference one parameter at a time is changed to approach the 
optimal groove found in this contributation. Here only the 30 
linear concentration gradient is considered and the inlet width 
is fixed at 150µm.  
 For the simple groove geometry the parameters are given in 
table T2 and the concentration profiles are shown in figure 
S11. For the complex groove geometry the parameters are 35 
given in table T3 and the concentration profiles are shown in 
figure S12. 
 
Fig. S8 Concentration profile for varied groove geometries: the 
concentration profiles for the groove geometries which produce 
the smallest and largest deviation from the optimal groove 
configuration are shown. Parameters: Gz=50, ω=2 
 
Fig. S9 Simulated concentration profiles for different values of 
the Graetz number. Parameter: ω=2 
 
 
Fig. S10 Simulation results for the exponential concentration 
gradient in a microfluidic channel with aspect ratio 6. 
Parameters: Gz=50, ω=2 
 
Table T2 Groove parameters for concentration profiles shown in 
figure S11. 
 
 Lynn&Dandy Hg Lf Ln La 
Hg 90 71.6 71.6 71.6 71.6 
Lf 150 150 217.7 217.7 217.7 
Ln 150 150 150 394.5 394.5 
La 300 300 300 300 360.4 
  
Fig. S11 Simulation showing the approach from the design by Lynn 
and Dandy to the optimised linear concentration gradient in the simple 
device. 
 Supplementary information 5 
The results in figure S12 show that the position of the top of 
the pentagon has a large effect on the concentration profile 
exiting the channel. Thus the effect of the position of the top 
of the pentagon is further investigated. Simulations are 
performed in which the parameters Wm and Lm are increased 5 
or decreased by 50µm from the optimal value. See figure S13 
for the naming convention and figure S14 and S15 for the 
results. 
 
 10 
 
 
 
Fig. S13 Schematic of the complex groove design showing the 
naming convention for the modified pentagon shapes simulated for 
figures S14 and S15. 
 
Table T3 Groove parameters for concentration profiles shown in 
figure S12. 
 
 Lynn&Dandy Hg Lf Ln La Wm Lm 
Hg 90 98.5 98.5 98.5 98.5 98.5 98.5 
Lf 150 150 195.0 195.0 195.0 195.0 195.0 
Ln 150 150 150 149.5 149.5 149.5 149.5 
La 300 300 300 300 249.8 249.8 249.8 
Wm 150 150 150 150 150 141.2 141.2 
Lm 150 150 172.5 172.25 172.25 172.25 377.8 
 
 
Fig. S12 Simulation showing the approach from the design by Lynn 
and Dandy to the optimised linear concentration gradient in the 
complex geometry. 
 
 
Fig. S14 Simulation showing the resulting linear concentration gradient for 
the optimal complex design and for two complex grooves with modified 
lateral positions of the top of the pentagon. 
 
Fig. S15 Simulation showing the resulting linear concentration gradient for 
the optimal complex design and for two complex grooves with modified 
axial positions of the top of the pentagon. 
